Controlling the flow and bed morphology in a river confluence is important in training and navigation works. The flow in river confluence is highly complex due to crucial and rapid changes associated with flow dynamics, sediment transport, and geomorphology. The flow in Malaysia's rivers has many confluence junctions in natural drains of catchment areas. The confluence between Kurau and Ara Rivers, in Perak, Malaysia, is selected to investigate the scour hole that usually forms in the erosion zone and the bar that forms in the deposition zone. A 2D numerical model is used in simulating hydro-morpho dynamics in the rivers confluence to mitigate the erosion and deposition zones by adopting vanes as control structures. Simulation results suggest that the most effective location, dimension, and angle of vanes can be decided based on their performance in scouring and deposition zones. The distribution velocity and flow vectors can help in deciding the location of the vanes.
Introduction
River confluence is important component of fluvial systems. Confluence results from the conjunction of separate flowing rivers, and this phenomenon produces a complex hydro-morpho dynamic environment [1] . Rapid changes occur in the fluid and sediment transport mechanism, causing a complex phenomenon of hydro-morphological dynamics in the confluence and affect the main river. The main river attempts to accommodate the water and sediment inflow supplied by two rivers. Given that confluences exist everywhere, the features of natural drains are vital in regulating the longitudinal distribution of flow and sediment [2] [3] [4] [5] . Research on confluence dynamics is a relatively recent undertaking, and the phenomenon has been studied experimentally in the laboratory, wherein several features have been identified to study the mechanism of flow patterns and bed formation. In studying the hydraulics of a confluence, the plan form angle, discharge ratio, and momentum flux ratio are considered the major controlling factors [6] [7] [8] [9] [10] [11] [12] [13] . Several studies [14] [15] [16] [17] [18] [19] [20] [21] conducted field investigations of natural stream confluences to assess the relevance of experimental and numerical models for flow composition and morphology under natural conditions. Studies on confluences, including the development of theoretical frameworks, have integrated experimental or characteristics of the river confluence site. An obstacle is generally used to improve the navigation of a river through redirect the distribution of the flow and enhance the alignment of the river and bank erosion protection. The hydraulic performance of the obstacle depends mainly on its location, angles, dimensions, and morphological conditions [42] [43] [44] . For this reason, no specific criteria are used for designing an obstacle in a river system. Thus, in this study, an obstacle (i.e., a vane) was used as a control structure in the selected river confluence. Physical or numerical simulation is required to optimize the design of the vane. However, using physical models entails several limitations, such as high cost, steady flow, and scale effect. By contrast, numerical models are low-cost and can be used efficiently for unsteady mobile bed conditions. The significance of this study is attributed to the simulation of various scenarios for controlling scour and deposition zones by using vanes and recommended the best solution that provides minimum scouring and deposition zones and enhances river flow dynamics.
Materials and Methods

Study Area and Data Acquisition
The main catchment area of Bukit Merah Lake is formed by the meeting of two sub-basins of rivers Kurau and Ara. The confluence of these rivers is located at Pondok Tanjung approximately 7 km upstream of Bukit Merah Lake and northwest of Perak State, Malaysia ( Figure 1 ). The rivers start from the mountain area where the averaged slope is 12.5%, and terrains at the mid and lower reaches are undulating with an average slope of 5%. The lower reach is exposed to floods due to its flat and wide floodplains [45] . The confluence of Kurau and Ara Rivers has different widths and bed levels. The average width of Kurau River is approximately 23 m, whereas that of Ara River is 28 m. The bed levels of Ara River are approximately 0.45 m higher than the bed levels of Kurau River and these rivers meet at an angle of 135 • . alignment of the river and bank erosion protection. The hydraulic performance of the obstacle depends mainly on its location, angles, dimensions, and morphological conditions [42] [43] [44] . For this reason, no specific criteria are used for designing an obstacle in a river system. Thus, in this study, an obstacle (i.e., a vane) was used as a control structure in the selected river confluence. Physical or numerical simulation is required to optimize the design of the vane. However, using physical models entails several limitations, such as high cost, steady flow, and scale effect. By contrast, numerical models are low-cost and can be used efficiently for unsteady mobile bed conditions. The significance of this study is attributed to the simulation of various scenarios for controlling scour and deposition zones by using vanes and recommended the best solution that provides minimum scouring and deposition zones and enhances river flow dynamics.
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Study Area and Data Acquisition
The main catchment area of Bukit Merah Lake is formed by the meeting of two sub-basins of rivers Kurau and Ara. The confluence of these rivers is located at Pondok Tanjung approximately 7 km upstream of Bukit Merah Lake and northwest of Perak State, Malaysia ( Figure 1 ). The rivers start from the mountain area where the averaged slope is 12.5%, and terrains at the mid and lower reaches are undulating with an average slope of 5%. The lower reach is exposed to floods due to its flat and wide floodplains [45] . The confluence of Kurau and Ara Rivers has different widths and bed levels. The average width of Kurau River is approximately 23 m, whereas that of Ara River is 28 m. The bed levels of Ara River are approximately 0.45 m higher than the bed levels of Kurau River and these rivers meet at an angle of 135°. Data on hydro-morpho dynamics of the Kurau and Ara river confluence were obtained from Sirdari [46] , and included information on discharges, water levels, velocities, and transect geometry. Sediment measurements were conducted on a series of cross sections at the confluence in April and September 2012. Data were obtained from hydrodynamic measurements and bathymetric surveys by using a SonTek River Surveyor device S5. Figure 2 shows that the digital elevation model (DEM) resulted from measuring 40 cross sections at the Kurau-Ara confluence, and the details of these cross sections have been stated in [46] , in which the primary results of the bathymetry survey confirmed the hydro-morpho dynamic features that were reported in literature. Data on hydro-morpho dynamics of the Kurau and Ara river confluence were obtained from Sirdari [46] , and included information on discharges, water levels, velocities, and transect geometry. Sediment measurements were conducted on a series of cross sections at the confluence in April and September 2012. Data were obtained from hydrodynamic measurements and bathymetric surveys by using a SonTek River Surveyor device S5. Figure 2 shows that the digital elevation model (DEM) resulted from measuring 40 cross sections at the Kurau-Ara confluence, and the details of these cross sections have been stated in [46] , in which the primary results of the bathymetry survey confirmed the hydro-morpho dynamic features that were reported in literature. The average median particle ( ) of the bed material for the Kurau and Ara river confluence was 1.1 mm (Figure 3a) , whereas that for the scouring zones located near the left bank of main Kurau was 1.8 mm (Figure 3b ). The particle size distribution curves are presented as an average curve obtained from measuring approximately seven points from the left to the right bank at different cross sections in the selected river confluence and under different flow events; further details were provided by [46] . A dataset that included discharge, velocity, water level, cross section, and bathymetry survey was created on 09/04/2012. The set was used to build and calibrate the model, and seven other data sets were used for model validation. The discharge changes daily because the area is located in a tropical region and results in different rain events in the catchment. The average median particle (d 50 ) of the bed material for the Kurau and Ara river confluence was 1.1 mm (Figure 3a) , whereas that for the scouring zones located near the left bank of main Kurau was 1.8 mm (Figure 3b ). The particle size distribution curves are presented as an average curve obtained from measuring approximately seven points from the left to the right bank at different cross sections in the selected river confluence and under different flow events; further details were provided by [46] . A dataset that included discharge, velocity, water level, cross section, and bathymetry survey was created on 09/04/2012. The set was used to build and calibrate the model, and seven other data sets were used for model validation. The discharge changes daily because the area is located in a tropical region and results in different rain events in the catchment. The average median particle ( ) of the bed material for the Kurau and Ara river confluence was 1.1 mm (Figure 3a) , whereas that for the scouring zones located near the left bank of main Kurau was 1.8 mm (Figure 3b ). The particle size distribution curves are presented as an average curve obtained from measuring approximately seven points from the left to the right bank at different cross sections in the selected river confluence and under different flow events; further details were provided by [46] . A dataset that included discharge, velocity, water level, cross section, and bathymetry survey was created on 09/04/2012. The set was used to build and calibrate the model, and seven other data sets were used for model validation. The discharge changes daily because the area is located in a tropical region and results in different rain events in the catchment. 
Critical Velocity of Sediment Inception Motion
The critical shear velocity (U * c ) of the bed material in this study was determined by using Shield's diagram. The dimensionless shear stress (T * ) expressed in Equation (1) was obtained from the diagram. Critical shear velocity was calculated from Equation (2) . 50 (1)
where τ c : critical shear stress of the bed material; γ s : specific weight of the bed material; γ: specific weight of water; ρ: water density; d 50 : median particle diameter. Using Shield's diagram and applying Equations (1) and (2) showed that the values of critical shear velocity for the bed material with a median particle diameter (d 50 ) between 1.1 and 1.8 mm varied between 0.025 and 0.034 m/s for the selected river confluence.
For moveable bed and sediment transport, knowing the threshold point of sediment particles in motion is important, and most existent studies represented the threshold point of sediment particles in terms of critical mean velocity, namely, V c . Many methods are available for estimating the critical mean velocity, and one of the most common ones is the Simons andŞentürk method, which is shown in Equation (3) [47, 48] .
This equation is frequently adopted to compute the critical mean velocity, and the values are between 0.56 and 0.9 m/s with low and high water depths (y). The value of critical velocity is a function of water depth (y), in which the median particle diameter (d 50 ) is known and the other variables are kept constant for the selected river confluence.
where ρ s : sediment density.
Solver Background, Structure, and Characteristics
In this study, the solver Mflow_02 was used as a tool to simulate unsteady flow in the selected confluence of Kurau and Ara Rivers Malaysia. The original version of Mflow_02 was based on the program developed by Tomitokoro et al. [49] , and recently the program of the solver was improved by iRIC [50] . The improvement included adding certain functions, such as moving boundary model and riverbed variation calculation. Thus, the program can calculate 2D plane unsteady flow and riverbed variation by using unstructured meshes of the finite element method in an orthogonal coordinate system (Cartesian coordinate system). Subsequent development resulted in the model being able to reproduce exactly the structure and shape of complicated landforms, particularly in distributaries and confluences. Thus, the Mflow_02 solver was used in this work to simulate the morphological dynamics of the selected confluence of Kurau and Ara Rivers in Perak State, Malaysia, including the proposed solutions for controlling the scouring and deposition zones. Two main models-namely, flow field and riverbed variation models-are embedded in the Mflow_02 solver. These models have many sub-models that can help achieve a wide range of calculations.
Flow Field Model
The characteristics of the flow field model are as follows:
1.
A Galerkin finite element sub-model (a type of weighted residual method) is used to discretize continuity and momentum equations. The friction of the river bed can be set by using the Manning roughness coefficient. This coefficient can be represented in the model as a polygon for the entire area or for each element (cell), thus providing spatial distribution of roughness. 4.
Three sub-models are available for computing the turbulence field (flows with large and small eddies). These are the zero equation sub-model, simple k-ε, and direct input of kinematic eddy viscosity. In this study, the zero equation sub-model was selected because of its stability in calculating large and small eddies. The kinematic eddy viscosity, υ, is expressed by using the von Kàrmàn coefficient with k(0.40).
where u * : bottom friction velocity.
This formula is called the zero equation sub-model for turbulence statistics without a transport equation. In flow fields wherein water depth and roughness are changed gradually in the cross sections of river confluences, the kinematic eddy viscosity in horizontal and vertical directions is assumed to be in the same order.
5.
Other effects, such as the effect of wind on the water surface and of vegetation on flow, are available in this solver but were disregarded in this study.
Riverbed Variation Model
The characteristics of riverbed variation are as follows:
1.
The riverbed variation associated with the flow field model is calculated. This model can calculate the flow field only or together with riverbed variation.
2.
The riverbed material can be selected from uniform and mixed grain diameters. If a mixed grain diameter is selected, then a variation in grain distribution can be assumed for deep directions and multiple layers.
3.
Three methods for calculating the total bed load q b of depth-averaged flow velocity are available in the Mflow_02 solver, and these are the Meyer-Peter and Müller formula [51] , Ashida and Michiue formula [52] , and Engelund-Hansen formula [53] . In this study, the Meyer-Peter and Müller formula was adopted for computing the total bed load.
where σ: gravel density; τ * c : critical tractive force (calculated by the Iwagaki formula, [54] ); τ * : calculated by Kishi and Kuroki in the formula below 50 1/6 τ * τ * 2/3 y 2d 50 < 500 (6) 11.59 y 2d 50 1/10 τ * τ * 3/5 y 2d 50 ≥ 500 (7) where U: vertical average flow velocity in the flow direction. The total sediment discharge set by the Meyer-Peter and Müller formula is converted to the normal direction (n) and tangential direction (s) of the streamline, in consideration of the effect of secondary flow and riverbed slope, which is caused by streamline curvature of depth-averaged flow velocity.
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where q s : (s) direction component of sediment discharge near the riverbed; q n : (n) direction component of sediment discharge near the riverbed; V b : absolute value of velocity near the riverbed; ν b : (s) direction component of flow velocity near the riverbed; u b : (n) direction component of flow velocity near the riverbed; µ s : static friction factor; µ k : kinetic friction factor; z: height of the riverbed. Further explanations the above equation can be found in Watanabe et al. [55] and Hasegawa [56] .
4.
The scour limit of the riverbed, secondary flow coefficient, and morphological factor can be set accordingly. : static friction factor; : kinetic friction factor; : height of the riverbed.
Further explanations the above equation can be found in Watanabe et al. [55] and Hasegawa [56] . 4 . The scour limit of the riverbed, secondary flow coefficient, and morphological factor can be set accordingly. Figure 4 shows additional details on the solver's application. 
Model Implementation and Boundary Conditions
The Mflow_02 model was used to assess morphological changes in the river confluence. The initial input data were imported from a bathymetry survey for the confluence of Kurau and Ara Rivers. A fine unstructured grid consisting of 6136 nodes was created by drawing many lines until good performance was achieved ( Figure 5) . A finer grid resolution provides more accurate results, but it needs a small time step (∆t). Time step has a direct relationship with the dimension of the grid (dl) and velocity (V), which can be expressed as ∆t ∝ dl V . In the current model, different time steps were attempted until the hydrodynamic simulation operated smoothly with a time step of 0.01s. The second input data comprised the curves of the grain size distribution of the bed material. The measured data indicated that the average median particles of the rivers were approximately 1.1 mm for the normal depth and 1.8 mm for the deep hole (scouring). 
The Mflow_02 model was used to assess morphological changes in the river confluence. The initial input data were imported from a bathymetry survey for the confluence of Kurau and Ara Rivers. A fine unstructured grid consisting of 6136 nodes was created by drawing many lines until good performance was achieved ( Figure 5) . A finer grid resolution provides more accurate results, but it needs a small time step (Δt). Time step has a direct relationship with the dimension of the grid ( ) and velocity ( ), which can be expressed as ∆ ∝ . In the current model, different time steps were attempted until the hydrodynamic simulation operated smoothly with a time step of 0.01s. The second input data comprised the curves of the grain size distribution of the bed material. The measured data indicated that the average median particles of the rivers were approximately 1.1 mm for the normal depth and 1.8 mm for the deep hole (scouring). The third input data contained the flow rate at the upstream and the water level at the downstream. A flow rate of 6.33 m 3 /s was set in inlet boundary condition 1 upstream of Kurau River, whereas a flow rate of 6.43 m 3 /s was set in inlet boundary condition 2 upstream of Ara River. A water level of 16.26 a.m.s.l was set in the outlet boundary condition that is located downstream of the main Kurau River. Among the turbulence models, a zero-equation model was adopted, and movable bed computation with a starting time of 800 s was set up to provide stability to the flow regime operation first and then sediment transport and bed deformation afterward. For sediment transport computation, Mflow_02 uses Ashida and Michiue [52] , Meyer-Peter and Müller [51] , and EngelundHansen [53] equations to compute the total bed load transport. In this study, the Meyer-Peter and Müller equation was selected to conduct sediment transport computation because the equation provides reasonable results for simulated bed elevations. The accuracy of the simulated bed elevations was demonstrated in both models' calibration and validation results. Other settings related to riverbed morphology and sediment transport were as follows: the scour limit of the riverbed in which in the selected river confluence has no limit for scouring was set in the model, the secondary flow coefficient was set to 7 (based on the Engelund model [53] ), and the morphological factor (the ratio of bed deformation to flow) was set to 1. The above setting was considered for a real simulation, The third input data contained the flow rate at the upstream and the water level at the downstream. A flow rate of 6.33 m 3 /s was set in inlet boundary condition 1 upstream of Kurau River, whereas a flow rate of 6.43 m 3 /s was set in inlet boundary condition 2 upstream of Ara River. A water level of 16.26 a.m.s.l was set in the outlet boundary condition that is located downstream of the main Kurau River. Among the turbulence models, a zero-equation model was adopted, and movable bed computation with a starting time of 800 s was set up to provide stability to the flow regime operation first and then sediment transport and bed deformation afterward. For sediment transport computation, Mflow_02 uses Ashida and Michiue [52] , Meyer-Peter and Müller [51] , and Engelund-Hansen [53] equations to compute the total bed load transport. In this study, the Meyer-Peter and Müller equation was selected to conduct sediment transport computation because the equation provides reasonable results for simulated bed elevations. The accuracy of the simulated bed elevations was demonstrated in both models' calibration and validation results. Other settings related to riverbed morphology and sediment transport were as follows: the scour limit of the riverbed in which in the selected river confluence has no limit for scouring was set in the model, the secondary flow coefficient was set to 7 (based on the Engelund model [53] ), and the morphological factor (the ratio of bed deformation to flow) was set to 1. The above setting was considered for a real simulation, in which an increase in one of these values leads to an increase in the bed deformation of the river confluence.
Hydraulic Performance of the Proposed Vanes Used in The River Confluence
Many types of obstacles are used in the riverine system to manage and control the training of the rivers. Spur dykes, vanes, groynes, and weirs are among the obstacles used by U.S. Army Corps of Engineers [41] . In this study, vanes were used as obstacles to assess the hydro-morpho dynamics of the natural rivers at confluence. This type of structure was introduced in the model by creating a polygon that was excluded throughout mesh computing and regarded by the model as a non-erodible bed material [50] . The impact of the following three scenarios on the flow in a confluence of Kurau and Ara Rivers was clearly shown in the computation of riverbed variation and velocity distribution with the development, appearance, and movement of the sandbar.
1.
Single row of the vanes with a length of 1 m and a spacing of 6 m between vanes 2.
Single row of the vanes with a length of 2 m and a spacing of 5 m between vanes 3.
Single vane a length of with 10 m
Statistical Indices
Four statistical indices were used to assess the accuracy of the prediction of the Mflow_02 model, and these were mean absolute deviation (MAD), mean square error (MSE), root mean square error (RMSE), and mean absolute percentage error (MAPE). The criterion for using these methods is to determine the accuracy of the simulation, in which a low statistical value between measured and predicted values indicates high accuracy of simulation performance. These methods can be described by the equations
where n: amount of data used; M: measured value; S: simulated value.
Results and Discussion
Model Calibration
The model was calibrated with Manning's roughness n = 0.063, in which the adopted value was calculated based on field measures of two studies [46, 57] , node number, time step, and turbulence model until good agreement was found between model prediction and measured data on flow velocity, water surface elevation, and bed elevation. The results of velocity magnitude for running the model for 24 h (the simulation time of the model calibration) are shown in Figure 6 , and the average values of the simulated velocities along the cross sections at different times (1, 2, 3, 6, 12, 18 , and 24 h) are shown in Figure 7 . A summary of the simulated and measured velocities is shown in Table 1 . The velocity at different times confirmed the stability of running the software and how much the velocity changed during the 24 h within the same boundary conditions. Four statistical indices were used to assess the accuracy of the measured and predicted averaged flow velocities of model calibration. These indices were MAD in Equation (10), MSE in Equation (11) , RMSE in Equation (10) , and MAPE in Equation (10) . The results of the statistical indices are shown in Table 2 . The error values differed because they depend on their concepts. The maximum error was associated with MAPE and approximately 9%. In general, MAPE provided values higher than those of other methods because it represents the percentage of the difference between measured and predicted values divided by measured values. However, the measured and simulated average velocities matched well. The simulation of water surface elevation is shown in Figure 8 . The simulated and measured water surface elevations at different locations had minimum errors because the boundary condition at the outlet was time-varying elevation. The values of MAD, MSE, RMSE, and MAPE between measured and simulated results were 0.024 m, 0.001 m, 0.028 m, and 0.144%, respectively, and the error values of the errors are shown in Table 3 . To ensure the accuracy of the morpho-dynamics simulation, calibration was performed by comparing the simulated and measured bed elevations. Figure 9 shows the depth simulation with the location of four cross sections at the confluence of Kurau and Ara Rivers. These sections were used to demonstrate the difference between measured and simulated bed elevations (Figure 10 ). The calibration process was based on the model output obtained after running the model continuously for 24 h. The comparisons showed good agreements between simulated and measured bed elevations To ensure the accuracy of the morpho-dynamics simulation, calibration was performed by comparing the simulated and measured bed elevations. Figure 9 shows the depth simulation with the location of four cross sections at the confluence of Kurau and Ara Rivers. These sections were used to demonstrate the difference between measured and simulated bed elevations (Figure 10 ). The calibration process was based on the model output obtained after running the model continuously for 24 h. The comparisons showed good agreements between simulated and measured bed elevations and confirmed the accuracy of the model output. To ensure the accuracy of the morpho-dynamics simulation, calibration was performed by comparing the simulated and measured bed elevations. Figure 9 shows the depth simulation with the location of four cross sections at the confluence of Kurau and Ara Rivers. These sections were used to demonstrate the difference between measured and simulated bed elevations (Figure 10 ). The calibration process was based on the model output obtained after running the model continuously for 24 h. The comparisons showed good agreements between simulated and measured bed elevations and confirmed the accuracy of the model output. 
Model Validation
The model was validated with different data sets of the confluence of Kura and Ara Rivers for the period of seven days in order to increase and display the accuracy of the simulation for the selected study area. A comparison was performed between simulated and measured water levels, 
The model was validated with different data sets of the confluence of Kura and Ara Rivers for the period of seven days in order to increase and display the accuracy of the simulation for the selected study area. A comparison was performed between simulated and measured water levels, average depths, average velocities, and bed elevations. Data for the unsteady flow in the upstream of Kurau and Ara Rivers and the water level at the downstream of the main Kurau River are shown in Table 4 . The model's running time was approximately eight days for the period of seven days' data with 6136 nodes and 0.01s time step. To demonstrate the accuracy of model prediction, the simulation results on the second and fourth days (with discharges of 15 and 43 m 3 /s, respectively) were compared with measured data on water level, average flow depth, average velocity, and bed elevation. The model output showed that the simulation of water levels was highly accurate according to the values of the four statistical indices Tables 5 and 6 . The values of MAD, MSE, RMSE, and MAPE were determined using the predicted and measured data. The simulated average velocities were in agreement with the measured average velocities as shown in Table 7 . Most of the simulated velocities in the Kurau River were lower than the measured velocities, and the maximum error was associated with high discharge. MAPE was 19.1%, whereas at low discharge, the MAPE was 10%. The errors refer to the uncertainty in the measured and predicted values. Papanicolaou et al. [58] reported that the typical acceptable errors in depth and velocity predictions are in the rang 25% and 35%. Pinto et al. [59] suggested accepting the under prediction in velocity because it results in fewer errors. The above range of errors is acceptable when compared with other simulated results [42, 60] . 
With regard to the morphological validation, Mflow_02 showed the model's capability to simulate morphological changes such as scouring, deposition, and movement of sediment transport, leading to changes in cross sections. The simulated and measured cross sections are shown in Figures 11 and 12 . For the discharge of 15 m 3 /s, the simulated and measured bed elevations were in agreement, particularly in cross-sections 3 and 5. Reduced agreement was found in cross-sections 1 and 2. For the discharge of 43 m 3 /s, the highest agreement between the measured and simulated cross-sections were found in cross-sections 1 and 5, whereas the least agreement was found in cross-sections 2 and 3. The errors between measured and simulated elevations in the cross sections can be attributed to the spatial location of the collected data and to a complex river reach geometry. Papanicolaou et al. [61] related the sources of errors to computational errors from the numerical schemes used in solving the governing equations and to the truncation errors from discretization. In addition, data collection could be another source of errors. For example, the eddy viscosity models used in solving the governing hydrodynamic equations for turbulent flows had some degree of empiricism in their formulations. For the discharge of 15 m 3 /s, the simulated and measured bed elevations were in agreement, particularly in cross-sections 3 and 5. Reduced agreement was found in cross-sections 1 and 2. For the discharge of 43 m 3 /s, the highest agreement between the measured and simulated cross-sections were found in cross-sections 1 and 5, whereas the least agreement was found in cross-sections 2 and 3. The errors between measured and simulated elevations in the cross sections can be attributed to the spatial location of the collected data and to a complex river reach geometry. Papanicolaou et al. [61] related the sources of errors to computational errors from the numerical schemes used in solving 
Evaluation of Hydraulic Performance of the Proposed Vanes Used in the River Confluence
The simulation of the confluence bathymetry with and without vanes after the third day of the model run with the discharge of 43 m 3 /s was analyzed, because of its effect on the hydro-morpho dynamics. It was recognized in the confluence zone and marked as the change in flow depth, scouring zone, deposition zone, and velocities with its vectors. Six model runs with vanes were compared with running the model without vanes. The time of running each model was approximately eight days. The details and evaluation of these models can be summarized in the following three scenarios. Each scenario was implemented twice with vane angles of (15 • and 30 • ) in the flow direction of Ara river. The maximum scour zone that formed at the junction near the outer bank of the main Kurau River was caused by high flow from the Ara River that deviated the flow of the Kurau River toward the outer bank at the beginning of the main Kurau River. At this location, the velocity was increased, and current and eddies were created and considered the main cause for the maximum scour zone. At the opposite side near the inner bank of the main Kurau River, low velocity was found and considered the main reason for the deposition zone. A single row of vanes with 1 m length was introduced at the junction near the Ara River's mouth to manage and reduce scouring and deposition zones. The length of a single vane was calculated based on water depth, which is equal to 0.3 of the flow depth [39] . The spacing between them was obtained by multiplying the flow depth by 2. These criteria were recommended by Odgaard and Wang [37] and Allahyonesi et al. [62] . In addition, the optimum angles of the vanes were taken as 15 • and 30 • . Optimum angles for vanes were recommended by Odgaard and Spoljaric [63] , Barkdoll et al. [64] and Wuppukondur and Chandra [38, 39] . Furthermore, they reported that scour depth increases with an increase in vane angle, and the minimum scour depth is at angles of 15 • and 30 • . Two models were operated by using the data on unsteady flow shown in Table 4 . Figures 13c, 14c, 15c and 16c . The angle of the vanes was a major factor in controlling the morphological change at the confluence of Kurau and Ara Rivers, where the flow depth decreased in the scour zone and the maximum scour zone was almost diminished, particularly when the vanes were introduced with an angle of 30 • . The depth in the deposition zone increased in several parts of this zone, and increasing the flow depth in this zone is needed. In the case of vanes with an angle of 15 • , the flow depth behind the vanes decreased, and point bars appeared especially in the locations of the first three vanes in the main Kurau River. These point bars were associated with low velocities behind the obstacles/vanes. Figures 13d, 14d, 15d and 16d . The results showed that the maximum scour hole was diminished, and the deposition zone was maintained. The impact of the angles on flow depth and velocity distribution was obvious. The flow depth at the tip of the vane with an angle of 15 • was much larger than that with an angle of 30 • . Furthermore, the velocity behind the vane at an angle of 15 • was lower than that with an angle of 30 • . The function of the vane was to divert the direction of the flow toward the zone with low pressure and velocity (flow separation zone), and it also maintained the potential of sediment movement and deposition. The velocity in this zone increased from 0.5 to 0.7 m/s, and this value exceeded the value of critical mean velocity at this zone, which is 0.56 m/s. The movement of bed sediment particles occurred when the mean velocity increased and exceeded the critical mean velocity of the sediment. The increment in velocity led to increased bottom friction velocity (u * ), and this value exerted a direct effect on the calculation of riverbed shear stress (τ * ). Increasing τ * would result in increased sediment movement. Furthermore, the strength of local currents and eddies formed behind the location of the vane at an angle of 15 • was weaker than that formed behind the location of the vane at an angle of 30 • . Therefore, the sediment deposition in this location was significant. This scenario shows better performance in managing hydro-morpho dynamics compared with the other tested scenarios.
The length, number, and spacing of the first scenario were calculated following Odgaard and Wang [37] , and the results obtained did not yield significant solutions to the hydro-morpho dynamics of the selected river confluence. In the second scenario, the length of the vanes was doubled to increase efficiency. The increase in vane length only worked with an angle of 30 • . Owing to the lack of specific criteria on using vanes in a river confluence, the results from the first and second scenarios showed that the number of vanes produced a non-uniform velocity distribution, especially near the vanes. Therefore, a single vane was proposed to enhance hydro-morpho dynamics in a river confluence. The results obtained from introducing a single vane provided the best solution for maintaining hydro-morpho dynamics and enhanced the navigation of the confluence of Kurau and Ara Rivers.
Conclusions
The control of flow in river confluences is complex due to different hydro-morpho dynamic features that arise in these turbulence zones. A 2D numerical model was used in this work to simulate the hydro-morpho dynamics of the natural confluence of Kurau and Ara Rivers in Perak, Malaysia. The numerical model was calibrated and validated using field data. Vanes were proposed to control the scouring and deposition zones that usually exist in natural river confluences. Furthermore, the Mflow_02 model was applied to simulate the morphological changes for three scenarios with different vane arrangements. The results showed that increasing the vane length with an angle of 15 • did not produce any significant change in the reduction of scouring and deposition zones. By contrast, the vanes introduced at an angle of 30 • showed good performance in controlling the scouring and deposition zones. The flow interaction with vanes placed at an angle of 30 • was much better than that with an angle of 15 • due to low currents, eddies, and sediment deposited behind vanes. The results also showed that the number of vanes produced a non-uniform velocity distribution, especially behind the vanes, thereby leading to the appearance of point bars. The best results in terms of reducing the scouring and deposition zones were associated with introducing a single vane compared with the other tested scenarios. Future studies may apply the proposed mitigation process in another study area to validate the performance of introducing a single vane. Furthermore, other shapes of a single vane can be tested in the study area. In summary, this study addressed the applicability of using a 2D numerical model in a complex riverine system for predicting and managing hydro-morpho dynamic changes with and without vanes as training structures in a dynamic river confluence. Funding: This research received no external funding and the APC was funded by Universiti Putra Malaysia.
